Introduction
The decrease in circulating sex hormone levels after menopause is the major cause of osteoporosis in women and is initially associated with a high level of bone turnover (1) . Both the bone loss and the high bone turnover can be prevented by estradiol treatment (2) . Similarly, estradiol appears to regulate bone volume in men, since osteoporosis is observed in men and male rodents deficient in aromatase and in one man with a truncated, nonfunctional estradiol receptor-α (ERα) (3) (4) (5) . Tissue response to estradiol is classically considered to be mediated by two ER subtypes: ERα and ERβ. While both subtypes are expressed in bone (6) (7) (8) , their relative functional importance remains unclear. Adding further complexity, it has also been suggested, based upon in vitro data, that estradiol may act in a nongenotropic manner via the androgen receptor (AR) in bone (9, 10) . To address these questions, several groups, including ours, generated mutant mice in which ER subtypes were inactivated (11) (12) (13) . Some of these mutants, however, express shortened ER transcripts that are able to bind estradiol and that have been shown recently to mediate at least the endothelial effects of estradiol (14) (15) (16) (17) . In contrast, the knockouts used here do not express any shortened transcripts with either ligand-or DNAbinding ability (18) ; this allowed us to determine the response of each ER-mediated or non-ER-mediated pathway to estradiol in vivo. Note that in order to distinguish between these models, we refer to the full knockouts as ERα -/-, ERβ -/-, and ERαβ -/-, and to the incomplete knockouts as αERKO, βERKO, and αβERKO following notation used previously.
Although the role of estradiol in maintaining bone mass is well established, the relative contributions of the estradiol receptors ERα and ERβ and of the androgen receptor (AR) remain controversial. To determine the role of ERα-mediated, ERβ-mediated, and non-ER-mediated mechanisms in maintaining bone mass, gonadectomy and estradiol treatment were studied in ER-knockout mice. Estradiol treatment of ovariectomized ERαβ -/-mice failed to prevent bone loss, precluding significant effects of estradiol on bone through non-ER-signaling pathways. In contrast, estradiol prevented ovariectomy-induced bone loss in ERβ -/-mice, as in WT males and females, indicating that ERα is the major mediator of estradiol effects in bone. No response of bone to estradiol was detected in orchidectomized ERα -/-mice, suggesting estradiol cannot protect bone mass via the AR in vivo. In contrast to female ERαβ -/-and male ERα -/-mice, female ERα -/-mice were partially protected against ovariectomy-induced bone loss by estradiol, confirming that ERβ mediates estradiol effects in bone, but only in females and with a lower efficacy than ERα. We conclude that ERα is the main effector of estradiol's protective function in bone in both male and female mice, and that, in its absence, AR is not sufficient to mediate this response. becular bone volume (BV/TV) and trabecular bone mineral density (Tb.BMD) in the presence of low bone turnover. Whereas ERβ deletion in males did not result in any modification of bone mass or turnover (13) , both ER subtypes appeared to regulate bone turnover in female mice. High BV/TV and Tb.BMD were observed in ERα -/-and ERβ -/-females, while, in the absence of both receptors, BV/TV and Tb.BMD were low (13) . The bone phenotype in these mice was complicated, however, by effects of ER deletion on the reproductive system; very high levels of circulating testosterone were observed in male and female ERα -/-and male ERαβ -/-mice, and very high circulating estradiol was detected in female ERα -/-mice (13) .
In order to avoid such endocrine feedback mechanisms, and to determine the signaling pathways by which estradiol can protect bone from gonadectomyinduced bone loss, male and female knockout mice were gonadectomized and treated with estradiol. In addition, the contribution of elevated sex hormone levels to the bone phenotype of male and female ERα -/-mice was determined by treatment of gonadectomized ERα -/-mice with testosterone, antiestrogens, or antiandrogens. Our results clearly establish that in male mice, ERα is the only receptor that mediates the protective effects of estradiol, while in female mice, ERβ also plays a minor role. No response to estradiol via the remaining AR could be detected, even at suprapharmacological estradiol concentrations.
Methods
Generation and care of knockout mice. Knockout mice were generated and genotyped by PCR as described previously (18) . Briefly, ERα -/-mice were generated by homologous recombination using three loxP sites flanking exon 3 (containing the first zinc finger of the DNA-binding domain) and a TKneo cassette to produce a fully disrupted ERα mutant. ERβ -/-mice were generated by insertion of a neo gene into exon 3 (also containing the first zinc finger of the DNA-binding domain). No alternately spliced mRNA transcripts were detected in ERα -/-mice, and while some were detected in ERβ -/-mice, no functional DNA-or ligandbinding domains were encoded. Animal care was in accordance with institutional guidelines. ERα -/-mice were at backcross 6 at the time of experiment, and ERβ -/-mice were at backcross 4, both onto the C57/B6 background. Due to the breeding difficulties in the ERαβ -/-mice, these were not backcrossed but had a 50% C57/B6 background. Littermate controls were used for all analyses.
Gonadectomies and hormonal manipulations. To determine the effects of gonadectomy, 12-week-old mice were sham-operated, ovariectomized, or orchidectomized, and tissues were collected 4 or 8 weeks after operation for histomorphometric and densitometric analysis. For all hormonal manipulations, treatment was begun at the time of operation and continued until tissue collection. Since our previous data (13) established that ERβ does not regulate BV/TV in male mice, we limited hormonal manipulations of male mice to WT and ERα -/-only.
Estradiol was diluted in ethanol/corn oil (90:10), in order to slow down the release of the hormone, and administered by daily subcutaneous injection in WT, ERα -/-, and ERβ -/-females. Subcutaneous injections gave the following circulating levels of estradiol in ERα -/-females: 24 pg/ml in sham-operated mice; 1 pg/ml in ovariectomized mice; and 5, 20, 650, and 1,850 pg/ml in mice treated with 1, 10, 100, and 1,000 µg/kg/d estradiol, respectively. Delivery of 1, 10, 100, and 1,000 µg/kg/d estradiol to ERα -/-female mice via implanted micropumps established average circulating estradiol levels of 25, 80, 570, and 1,480 pg/ml, respectively. In ERα -/-males and ERαβ -/-females, in which we aimed to reach the highest possible exposures to the hormone, estradiol was administered by slow-release pellets (Innovative Research of America, Sarasota, Florida, USA). Pellets inserted subcutaneously gave, as an example, average circulating estradiol levels of 7 pg/ml in placebo-treated animals, 94 pg/ml in animals treated with 30 µg/kg/d, and 245 pg/ml in animals treated with 100 µg/kg/d. In males, testosterone propionate at 10 mg/kg/d was administered by daily subcutaneous injection, and in females, a lower dose of 2.5 mg/kg/d was administered by slow-release pellet (Innovative Research of America). Antiestrogen RU58668 (19) and antiandrogens RU58642 and RU50818 (20, 21) were administered at 10 mg/kg/d and 30 mg/kg/d, respectively, by daily subcutaneous injection.
Peripheral quantitative computerized tomography. Densitometry was performed with the Stratec peripheral quantitative computerized tomography (pQCT) XCT Research SA+ (software version 5.4B; Norland Medical Systems Inc., White Plains, New York, USA) operating at a resolution of 70 µm. Metaphyseal pQCT scans of dissected right tibiae were performed to measure Tb.BMD. The scan was positioned in the metaphysis at a distance from the distal growth plate corresponding to 6% of the total length of the tibia (an area containing cortical and trabecular bone). We defined the trabecular bone region by setting an inner area to 60% of the total cross-sectional area, as described previously (13) . The interassay coefficients of variation for the pQCT measurements were less than 2.5% (13) .
Histomorphometry. Tibiae were collected at 4 or 8 weeks after operations, i.e., at 16 or 20 weeks of age, fixed in 3.7% formaldehyde in PBS, and embedded in methylmethacrylate (22) . Double fluorochrome labeling was performed as described previously (22) . Fivemicrometer sections of the proximal metaphysis were stained with toluidine blue or analyzed unstained for fluorochrome labels. Histomorphometry was performed according to standard procedures in the proximal tibia using the OsteoMeasure system (OsteoMetrics Inc., Decatur, Georgia, USA). Tibial cortical thickness and periosteal mineral appositional rates were measured as described previously (22) . Quantification of sex hormone receptor levels. Femora of 12-week-old mice were pulverized under liquid nitrogen, and total RNA was extracted using a ToTALLY RNA kit (Ambion Inc., Austin, Texas, USA). The RNA was quantified spectrophotometrically, and the integrity of RNA preparations was examined by agarose gel electrophoresis. cDNA was synthesized using an Advantage RT-for-PCR kit (CLONTECH Laboratories Inc., Palo Alto, California, USA). Specific mRNAs for ERα, ERβ, AR, and PR were measured by real-time quantitative RT-PCR using an ABI PRISM 7700 Sequence Detector system (Perkin-Elmer Applied Biosystems, Foster City, California, USA). A predeveloped TaqMan assay was used to quantify GAPDH. In addition, the following primers and probes for the different receptors were designed using Primer Express software Threshold cycle, which correlates inversely with target mRNA levels, was measured as the cycle number at which the reporter fluorescent emission increases above a threshold level. The expression data of all samples were normalized to GAPDH levels.
Figure 1
Response of WT and ER knockout mice to gonadectomy. Mice were sham-operated (black bars) or gonadectomized (white bars) at 12 weeks of age, and bones were collected after 8 weeks. (a) Tb.BMD and BV/TV were significantly reduced in male mice of all genotypes after orchidectomy. (b) Tb.BMD and BV/TV were significantly reduced after ovariectomy in female mice of all genotypes except ERαβ -/-. Values are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham-operated of the same genotype.
Figure 2
Male ERα -/-mice do not respond to estradiol (E 2 ) treatment. (a) Representative von Kossa-stained sections of the proximal tibia from WT and ERα -/-males sham-operated, orchidectomized (Orx), or orchidectomized and treated with slow-release pellets delivering 50 µg/kg/d estradiol (Orx+E 2 ). (b) BV/TV and Tb.BMD were increased after estradiol treatment in WT mice, but estradiol treatment did not alter BV/TV or Tb.BMD in ERα -/-males. (c) ObS/BS, bone formation rate expressed as a percentage of trabecular bone surface (BFR/BS), and OcS/BS were all elevated after orchidectomy in WT and ERα -/-males. This was prevented by estradiol treatment in WT but not in ERα -/-males. The increased ObS/BS and OcS/BS were prevented by estradiol treatment in WT males, but not in ERα -/-males. BFR/BS was further elevated in WT males treated with estradiol but remained unchanged in treated ERα -/-males. Values are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham-operated of the same genotype; ++ P < 0.01, +++ P < 0.001 vs. Orx of the same genotype.
Results
Effects of gonadectomy. Significant trabecular bone loss was observed after gonadectomy in all male knockouts and in female ERα -/-and ERβ -/-mice ( Figure 1 , a and b) and was associated with elevated bone turnover (see Figures  2c, 3c, 5b, 6c) . In ERαβ -/-females, the already low BV/TV was not reduced further (Figure 1b) , nor was there any change in osteoblast surface or osteoclast surface as percentages of trabecular bone surface (ObS/BS, OcS/BS) after ovariectomy (mean ObS/BS ± SEM: sham-operated, 19.9% ± 5.0%; ovariectomized, 23.9% ± 5.5%; mean OcS/BS ± SEM: sham-operated, 14.1% ± 2.7%; ovariectomized, 14.1% ± 1.5%).
ERα is required for bone response to estradiol in males. Treatment of WT orchidectomized male mice with high-dose estradiol (50 µg/kg/d, raising circulating levels to between 100 and 200 pg/ml) not only prevented orchidectomy-associated bone loss but also elicited an increase in bone mass compared with that of shamoperated animals (Figure 2, a-c) . BV/TV was elevated approximately fourfold (Figure 2b) , and Tb.BMD was almost doubled (Figure 2b) ; these effects were associated with a reduction in bone turnover, indicated by lowered ObS/BS and OcS/BS (Figure 2c ), as well as reduced serum osteocalcin and urinary deoxypyridinoline cross-links (data not shown). Surprisingly, despite these reductions in bone turnover, bone formation rate was elevated in estradioltreated male mice, possibly due to reduced removal of fluorochrome labels in the absence of normal osteoclastic bone resorption. In contrast, however, estradiol treatment did not prevent trabecular bone loss or the increased bone turnover associated with orchidectomy in ERα -/-males ( Figure 2, a and c) . Furthermore, estradiol treatment of intact (non-orchidectomized) ERα -/-males did not alter bone turnover, trabecular or cortical BMD, BV/TV, or cortical thickness (data not shown). These observations indicate that estradiol (and/or aromatized testosterone) is unable to play an osteoprotective role in males in the absence of ERα, despite the presence of functional ARs. Thus, the bone loss observed after orchidectomy in these mice most likely relates to loss of protective effects of testosterone that act on the skeleton directly via the AR (see below).
Bone loss after orchidectomy of ERα -/-mice is due to lack of testosterone. We therefore investigated the role of the high levels of circulating testosterone detected in ERα -/-males (5 ± 1.9 vs. 1.2 ± 0.4 ng/ml) (13) by treating male orchidectomized WT and ERα -/-mice with a high dose of testosterone (10 mg/kg/d, giving 22.8 ± 3.4 and 33.3 ± 3.0 ng/ml circulating levels, respectively) or with antiandrogens. Testosterone treatment maintained BV/TV and Tb.BMD in both WT and ERα -/-males ( Figure 3, a and b) . Testosterone treatment also maintained the low bone turnover characteristic of ERα -/-males and reduced WT bone turnover to levels equivalent to those in ERα -/-males ( Figure 3, a-c) . Treatment of non-orchidectomized WT and ERα -/-males with pure antiandrogens (RU58642 and RU50818) partially mimicked the effects of orchidectomy by reducing Tb.BMD and BV/TV and increasing bone turnover (effects of RU58642 are shown in Figure 3 , a-c). Increased bone resorption was confirmed in WT and ERα -/-males treated with antiandrogens by an increase in urinary deoxypyridinoline crosslinks (data not shown). In ERα -/-males, in which circulating testosterone is markedly elevated (see above) (13) , antiandrogens were also effective in mimicking castration. This suggests that it is indeed the high level of circulating testosterone that is osteoprotective in ERα -/-males and establishes the functionality of their ARs, thereby confirming that the protective effects of estradiol on the male skeleton require the presence of ERα.
ERα is also required for bone responses to estradiol in females.
In ERαβ -/-females, not only did ovariectomy fail to decrease bone mass further ( Figure  1 ), but estradiol, even at doses that increase bone mass in WT animals, failed to elicit any effect on trabecular bone (Figure 4 ) or cortical bone (not shown), indicating that the ability of the skeleton to respond to estradiol treatment had been entirely ablated with deletion of both ERs. Deletion of both receptors also prevented uterine response to estradiol (data not shown). Thus, the estradiol responses in bone and the uterus are clearly mediated by either or both ERs and cannot be mediated by non-ER-signaling pathways, such as AR. This allowed us to determine the physiological effects of estradiol on each receptor alone by treating the female single ER-knockout mice with estradiol.
ERβ facilitates the ERα-mediated responses of bone to estradiol in females.
In contrast to the double knockouts, estradiol treatment elicited a skeletal response in WT and in both single-ER-knockout females. In WT females, as in male mice, trabecular BMD and BV/TV were significantly elevated compared with those of sham-operated mice in response to high-dose estradiol treatment, while low doses of estradiol simply prevented the bone loss associated with ovariectomy ( Figure 5a ). This increase in bone mass was associated with a reduction in bone turnover, measured both by histomorphometry ( Figure 5b ) and by serum osteocalcin and urinary deoxypyridinoline cross-links (data not shown, and Table 1 ). A similar response was observed in the absence of ERβ, although a tenfold higher dose of estradiol was required to prevent ovariectomy-induced bone loss in ERβ -/-females (Figure 5a) , indicating that the remaining receptor, ERα, mediates most of the response to estradiol observed in WT females. These data also suggest that there may be a cooperation between the two receptors in eliciting the skeletal response, ERβ facilitating the effects of ERα in bone. Indeed, even in the absence of ERα, protection against ovariectomy-induced changes in bone turnover was observed (Figure 5b ), confirming that in the absence of ERα, ERβ can mediate some of the effects of estradiol in the bones of female mice. Interestingly, however, this does not translate into a measurable
Figure 5
Estradiol treatment affected bone volume in a similar manner in WT and ERβ -/-females, but effects were less dramatic in ERα -/-females. (a) WT, ERα -/-, and ERβ -/-females were ovariectomized and treated with 1, 10, and 100 µg/kg/d E 2 ; ERα -/-females were also treated with 1,000 µg/kg/d. Estradiol treatment of ovariectomized (Ovx) WT and ERβ -/-females prevented trabecular bone loss associated with ovariectomy. In ERα -/-females, estradiol treatment at 100 µg/kg/d was the only dosage at which estradiol prevented the reduction in Tb.BMD and trabecular thickness (TbTh), and still this effect was only partial. (b) In ERα -/-females, estradiol treatment reduced ObS/BS, OcS/BS, and osteoid volume (OV/BV) in a dose-dependent manner. Any effects of estradiol treatment on these parameters in WT and ERβ -/-females were less pronounced.Values are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham-operated of the same genotype; + P < 0.05, ++ P < 0.01, +++ P < 0.001 vs. Ovx of the same genotype. (Figure 5b ), probably because, as we suggested before (13), ERβ is not as efficient at reducing bone resorption ( Figure 5 and Table 1) . ERα -/-females respond normally to testosterone treatment. Given that these results suggested that AR did not respond to estradiol in females, confirming what we observed also in males, we then tested for the presence of functional AR responses in these animals. Testosterone treatment in ovariectomized ERα -/-mice maintained the high BV/TV and Tb.BMD characteristic of ERα -/-females and, as in males, maintained a low bone turnover ( Figure 6, a-c) . Since ERα -/-females demonstrate both high testosterone (4.87 ± 0.4 ng/ml) and high estradiol levels (96 ± 16 pg/ml), antiestrogen and antiandrogen treatment were then administered to determine whether either treatment could reproduce the effects of ovariectomy in ERα -/-females. In nonovariectomized female ERα -/-mice, as expected, antiestrogen treatment did not significantly alter bone volume or bone turnover, confirming in these animals that even high levels of estradiol are not capable of mediating any bone response in the absence of ERα. In sharp contrast, antiandrogen treatment reduced BV/TV and induced an increase in bone turnover, confirming (a) that testosterone plays an important role, acting via AR rather than via ERs after aromatization, in determining the bone phenotype of ERα -/-females ( Figure 6 a-c) , and (b) that the ARs expressed in ERα -/-females are indeed functional.
Functional ARs are expressed at high levels in ER knockout mice. Given that all the results reported above indicated that estradiol cannot act in bone via the AR, despite its verified functionality, we needed to verify the levels of expression of the AR in the bone of these genetically altered mice. Real-time RT-PCR on RNA extracted from WT and knockout femora demonstrated that AR mRNA was elevated twofold in ERα -/-females, but present at normal levels in all other mutants. Expression levels of ERα, ERβ, and aromatase were not significantly altered in either male or female knockouts ( Table 2 ). The functionality of these ARs in bone was demonstrated in the experiments reported above that show the ability of testosterone, but not estradiol, to elicit the proper bone responses after gonadectomy. Thus, even at high levels of AR expression, there were no protective effects of estradiol through the AR in female or male ERα -/-mice.
Discussion
The importance of estrogens for the development, maturation, and maintenance of the skeleton is now well established; however, the exact contribution of each receptor subtype remains elusive. Initial analysis of the bone phenotype of ERα -/-, ERβ -/-, and ERαβ -/-mice revealed that while ERβ was totally dispensable in males, both receptor subtypes participate in the control of bone turnover in females (13) . In the present report, we show that in male mice, estradiol regulates trabecular bone remodeling exclusively through ERα, while in females both ER subtypes influence bone turnover and trabecular structure. Thus, in both males and females, ERα is the main mediator of estradiol's protective effects in bone, and the AR, although expressed at high levels and functional in response to androgens in the same animals, is not able to mediate the effects of estradiol on bone in vivo in the absence of ERα. We conclude that either the AR cannot mediate the bone responses to estradiol in vivo, or ERα is required to confer this property to the AR.
In male mice, trabecular bone loss occurred after orchidectomy in all ER knockouts, indicating that male gonadal hormones are responsible for the maintenance of BV/TV even in the absence of estrogen receptors. This suggests that it is indeed testosterone binding to the AR, and not estradiol derived from aromatization of testosterone and binding to ERs, that maintains bone mass in male mice. Kousteni et al. (9, 10) , using in vitro studies, have recently suggested that estradiol, acting indifferently via the AR or the ERs, prevents osteoblast apoptosis via non-genotropic pathways. Whether or not this mechanism translates in vivo into the prevention of bone loss associated with gonadectomy in males and females remained to be tested. In apparent contradiction to this hypothesis, however, we show here that even a maximal dose of estradiol that is able to increase bone mass in intact mice is unable to prevent gonadectomy-induced bone loss when administered to male ERα -/-mice. These in vivo data confirm that ERα is required for the osteoprotective effects of estradiol in male mice and exclude a role of the AR in mediating these responses. Thus, the reported antiapoptotic effects of estradiol mediated through nongenotropic pathways (9, 10) are either irrelevant to bone responses in vivo or insufficient to protect against bone loss when ERα is inactivated. It remains, however, possible that the AR participates in these responses but only when ERα is expressed.
Furthermore, the fact that, in the absence of ERα, high doses of estradiol were unable to prevent orchidectomy-induced bone loss in males further demonstrates that, like AR, and in contrast to the situation in females, ERβ is unresponsive to estradiol in males. This finding is consistent with our previous result showing the lack of a bone phenotype in male ERβ -/-mice, and the identical phenotypes of male ERα -/-and ERαβ -/-mice (13) .
In contrast to estradiol, however, and as expected, testosterone is capable of maintaining bone volume in males, independent of ERα. We show here that testosterone treatment prevented orchidectomy-induced bone loss in both WT and ERα -/-males. This is consistent with effects of testosterone in vitro (23) , in hypogonadic men (24, 25) , and in αERKO mice (26) , clearly showing that testosterone inhibition of bone turnover and prevention of bone loss are not exclusively mediated by aromatization of testosterone into estradiol. Thus, these results show that the high circulating testosterone level in male ERα -/-and ERαβ -/-mice is the main cause of the elevated BV/TV and low bone turnover observed in the gonad-intact knockouts (13) . This was further confirmed by the fact that we can reproduce the effects of orchidectomy on bone by treating intact ERα -/-males with antiandrogens. While trabecular bone loss and high bone turnover were observed after antiandrogen treatment, this response was milder in WT males than in ERα -/-males. The weight of seminal vesicles was similarly decreased in antiandrogen-treated WT and ERα -/-males (not shown), and circulating testosterone levels were not altered in either strain. Thus, in contrast to ERα -/-males, in which trabecular bone mass is regulated strictly by androgens, both androgens and estrogens, acting through their respective specific receptors, regulate trabecular bone mass in WT males.
Gonadal hormones also played an osteoprotective role in single-ER-knockout females, but not in ERαβ -/-females, in which bone response to estradiol treatment was fully blocked. This result contrasts starkly with observations of ovariectomy-induced bone loss and osteoprotective actions of estradiol in αβERKO mice (27) , in which shortened transcripts of ERα that lack 64 residues located mainly in the A/B region are still expressed (14, 15) . This finding confirms that these shortened ERα's respond to estradiol in a physiologically relevant manner and indicates that the activation function AF1 of ERα is not required to mediate at least some of the effects of estradiol on trabecular bone. We, however, show here that full deletion of both receptors in ERαβ -/-mice prevents the response to estradiol, thus excluding any effect of estradiol on bone metabolism in vivo through the AR (9, 10) or through non-receptor-mediated pathways in females, as in males.
Since deletion of both ERs suppressed all effects of estradiol treatment in bone, estradiol responses of single ER knockouts can be interpreted as the physiological effects of the remaining receptor. In ERβ -/-, where only ERα is expressed, any effect of estradiol treatment is mediated through ERα, and vice versa. In WT mice, both receptors may respond to estradiol, and any effect observed would be the sum of these responses. Activation of ERβ in vivo, however, seems to require a higher concentration of estradiol than does activation of ERα. (13) . However, since ovarian structure is altered, we cannot exclude alterations in other ovarian steroids, leading to decreased bone resorption in these females via the remaining ERα. The results presented in this study indicate, in addition, that ERβ is less efficient than ERα at decreasing bone resorption. Thus, in states of increased bone turnover such as that in ovariectomized ERα -/-females, administered estradiol acting via ERβ can decrease both bone formation and bone resorption but does the latter less efficiently, leading to an imbalanced situation that favors bone resorption. Since testosterone levels are also elevated in ERα -/-females, the increased BV/TV and low bone turnover observed may also relate to a high level of circulating testosterone (although, notably, this level was not as high as that in ERα -/-males). As in male mice, testosterone treatment of ERα -/-females protected against both the bone loss and the high bone turnover associated with ovariectomy. This suggests that in females, as in males, testosterone is able to maintain a low level of bone turnover and high BV/TV.
Finally, the question of whether high testosterone or high estradiol levels determine the bone phenotype in intact ERα -/-females was investigated by treatment with pure antiestrogen or pure antiandrogen to determine which was able to reproduce the effects of ovariectomy. While antiestrogen treatment did not significantly alter BV/TV or bone turnover, antiandrogen treatment partially reproduced the effects of ovariectomy, confirming that testosterone is the major hormone responsible for the high BV/TV in intact ERα -/-females. However, since testosterone levels in ERα -/-females are much lower than those in ERα -/-males (13) , and circulating levels of estradiol are very high, we cannot exclude that estradiol participates in the protection of bone via ERβ in these mice.
Thus, in the study of the effects of receptor knockouts in bone, the physiology of the whole animal needs to be considered. This is especially true in the case of the ER knockouts, in which a reproductive phenotype is observed (18) and in which testosterone and estradiol levels are elevated by ERα deletion (13) . Taking these changes into consideration, we have determined that ERα is the major receptor regulating bone response to estradiol in both male and female mice. ERβ is able to play a minor protective role in female mice but does not participate in the response to estradiol in males. Furthermore, and most importantly, given the recent hypothesis that estradiol can act via the AR to protect bone, our results clearly demonstrate that the AR, although expressed and functional in ERα -/-males and females, cannot substitute for ERα to mediate estradiol protection against gonadectomy-induced bone loss in male or female mice.
